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ABSTRACT
Cyanobacteria are a large and diverse group of photosynthetic prokaryotes,
which are adapted to various habitats and play an important role in any
ecosystem. These organism encounter various environmental pressures, in-
cluding heavy metal toxicity which can be significant. One of the possible
mechanisms of heavy metal detoxification is chelation of the metal ions by en-
dogenous polyphosphate. This study is an evaluation of nanoparticle toxicity
that contains heavy metal cores from the perspective of polyphosphate-based
chelation. Cadmium was chosen as the toxic heavy metal and the cyanobac-
terium Synechococcus elongatus PCC7942 was chosen as the model organism
for its ability to be genetically engineered.
This study tried different methods to generate heavy metal resistant
cyanobacteria strains, including continuous exposure the culture to cadmium
ions, and genetically overexpressing polyphosphate kinase gene to increase
polyphosphate production in cyanobacteria. Cell growth was evaluated by
optical density, and photosynthetic system activity was measured by using
fluorescence spectral analysis. Morphological changes of the cells were ob-
served by transmission electron microscopy. Cyanobacteria Se7942 developed
cadmium resistance after being exposed to low concentration of Cd ions for 6
generations, which significantly reduced the damage to photosynthetic system
due to cadmium. Similar resistance was observed in genetically engineered
Se7942 overexpressing polyphosphate kinase gene. The engineered strains
produced a higher level of inorganic polyphosphate, which seemed to help
the heavy metal detoxification. The PPK strain showed a higher tolerance to
cadmium than wild-type and naturally evolved resistant strain. The primary
argument in this thesis is that polyphosphate-based heavy metal chelation may
be amenable to engineering and could lead to synthetic biology approaches
to bioremediation.
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CHAPTER 1
INTRODUCTION
1.1 Biology of cyanobacteria and heavy metal
resistance
Cyanobacteria (also known as blue-green algae) is a large and diverse group
of photosynthetic prokaryotes. They are widely distributed around various
habitats from fresh and marine water to terrestrial environments. They are
oxygen evolving, photosynthesizing prokaryotic organisms, which are obligate
photoautotrophs and therefore dependent on light to growth [1]. Cyanobacte-
ria are the only prokaryotes capable of using sunlight as their energy, water as
an electron donor, and air as a source of carbon and, for some nitrogen-fixing
strains, nitrogen [2]. They play an important role in the ecosystem in both
positive (by fixing carbon and nitrogen) and negative (by producing toxins
that are harmful to human and animals) [3]. Besides their environmental
significance, cyanobacteria are much easier to genetically engineer compared
to algae and plants, and many biological tools derived from E.coli can also
be used in cyanobacteria [4, 5].
1.1.1 Microbial heavy metal resistance
Although some heavy metal ions are essential trace elements because they
can form complex compounds, most heavy metals are toxic at higher con-
centrations. Some heavy-metal cations, e.g. Hg2+, Cd2+, and Ag+, can form
stong toxic complexes, which makes them dangerous for any physioogical
function. Even metal ions that are known as trace elements like Zn2+, Ni2+
and Cu2+ are toxic at higher concentrations [6].
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In order to avoid the toxic effect of heavy metal cations while keep the
physiological functions of trace elements, most cells use two types of uptake
system for heavy-metal ions: one is fast and unspecific, which is usually driven
only by the chemiosmotic gradient across the membrane. The second type has
a high substrate specificity in a cost of time and energy, which often uses ATP
hydrolysis as the energy source, and only produced by cells in times of urgent
metabolic situation [7]. When a microorganism faces a high concentration
of heavy metal, the accumulation will occur by the unspecific system. After
unspecific transporters are constitutively expressed, the heavy-metal ions will
be transported into the cell in spite of their high concentrations, which is the
reason why those ions are toxic [8].
The heavy-metal toxicity has forced microorganisms to develop metal ho-
moeostasis factors and metal-resistance determinants. Although heavy-metal
ions cannot be degraded or modified like organic compounds, there are three
possible mechanisms for heavy metal resistance. First is the accumulation
of the respective ion can be diminished by eﬄux, an active extrusion of the
heavy-metal ion from the cell. Second, cations can be segregated into complex
compounds by thiol-containing molecules. Third, some metal ions may be
reduced to a less toxic oxidation state. And in many cases the metal resistance
involves a combination of two or three of the mechanisms [6].
1.1.2 Heavy metal absorption in cyanobacteria
Cyanobacteria have developed natural methods of responding to metals such
as copper, lead, and cadmium through passive accumulation in cells and
through binding to various functional groups. They have also been found
to remove harmful metal ions from the environment, and may be applied
in waste water treatment [9]. Many algae have immense capability to sorb
metals, and there is considerable potential for using them to treat wastewater.
They can also be used to monitor heavy metals in water system [10]. Ac-
cording to Mehta and Gaur [11], many kinds of matal ions can be biosorped
by different algae species, including Al, Au, Co, Cd, Cr, Cu, Fe, Hg, Ni,
Pb and Zn, and their sorption capacity is either comparable or sometimes
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higher than conventional chemical sorbents. Therefore, cyanobacteria biomass
may serve as an economically feasible and efficient alternative to the exist-
ing physicochemical methods of metal removal and recovery from wastewaters.
The probable sites of cyanobacteria cell for the binding of metal ions include
the cell surface (wall, membrane or external polysccharides), cytoplasmic
ligands, phytochelatins and metallothioneins. The cell wall has many func-
tional groups, such as hydroxyl (-OH), phosphoryl (-PO3O2), amino (-NH2),
carboxyl (-COOH), sulphydryl (-SH), etc., which confer negative charge to
adsorb the cations from metal ions. The abundance and distribution of
these components are different among the cyanobacteria species, in which
polysaccharides and proteins have most of the metal binding sites [12].
There are also many intracellular components for metal detoxification.
Biological macromolecules and enzymes with appropriate functional groups
or metal co-factors are impacted by metal activity. Metals may be detoxified
by accumulation in polyphosphate bodies and in intracellular proteins of
cyanobacteria [13], and within the vacuoles of some eukaryotic algae.
The factors that affect metal sorption by algae include the initial metal
concentration, pH, metal speciation, biomass concentraion, temperature, the
presence of anions and cations, and others. In order to increase the sorption
capacity to applicable scale, we should select for strains with higher metal
sorption capacity, understand the sorption mechanisms, develop low-cost
methods for cell immobilization, design better models for predicting metal
sorption, and genetically manipulate cyanobacteria for increased numbers of
functional groups or over expression of metal binding proteins.
Silica immobilized cells of Synechococcus sp. PCC7942 under flow conndi-
tions were tested for its potential to bind metal ions from solution [9]. The
optimum binding pH, time dependency, and metal binding capacities for Cu,
Pb, Ni, Cd, Cr, along with desorption of the metal bound were determined.
An average of 143 mg/L copper(II), 1456 mg/L lead(II), 142 mg/L nickel(II),
and 529 mg/L cadmium(II) were showed to be bound by the immobilized
biomass. Nearly 100% of Cu and Pb could be recovered by HCl treatmen-
t, while recovery for Cd was 79% and 42% for Ni. Synechococcus showed
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potential to be used as a source for novel approaches in using biosystems
to remediate heavy metal contaminants from solution and even concentrate
them through biofiltration.
1.1.3 Biology of Synechococcus elongatus PCC7942
Among cyanobacteria species, the freshwater cyanobacterium Synechococcus
elongatus PCC7942 holds a special place in the development of cyanobacte-
rial molecular genetics. It has a fully sequenced genome that is only about
2.7Mb [14], which provides opportunity for easy mutagenesis, and possess-
es an efficient system of homologous recombination to incorporate genetic
information into its chromosomes [5]. It was the first cyanobacterium that
demonstrated reliable natural transformation by the uptake of exogenous
replicating or non-replicatiing DNA [15, 16, 17]. Several molecular genetic
methodologies have been developed for this organism, including two elegant
allele replacement systems known as “hit-and-run allele replacement” [18] and
rps12 -mediated gene replacement [19], which can introduce mutations with-
out leaving residual genetic markers (antibiotic markers) during the process.
Two sites on the S.elongatus PCC7942 chromosome have been developed
as “neutral sites”, which can accept ectopic sequences without any apparent
aberrant phenotype. Specially designed neutral site vectors can carry any
DNA of interest and move the fragment into the cyanobacterial chromosome
by homologous recombination [20].
The malleable genetic characteristics of S. elongatus PCC7942 have prompt-
ed the development of methods and series of cloning vectors for producing
different mutants, which have been used to study many aspect of the organism,
including the aquisition of inorganic carbon [21, 22], transport and regulation
of nitrogen compounds [23], response to iron deprivation [24, 25], acclimation
to a variety of nutrient stresses [26], and adaptation to environmental varia-
tions [27, 28]. In recent years, S. elongatus PCC7942 has become a hot target
for studying the mechanism of aprokaryotic circadian clock [29, 30, 31].
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1.1.4 Polyphosphate bodies in cyanobacteria
Polypohsphate bodies (also known as volutin) are 0.1-0.3 µm spherical ag-
gregates of high molecular weight linear phosphates that may function as
phosphate source for the synthesis of nucleic acids and phospholipids or as a
source of energy for ATP synthesis [32]. They play an important role in sup-
plying material for DNA during the cell division cycle [33], nitrogen fixiation
[34], and nutrition storage. In phosphorus-deficient condition, cyanobacterial
cells suffer a major ultrasturctural change of polyphosphate body loss [35].
Excess phosphate in the cell tends to form polyphosphate bodies, and the
storage of polymer when phosphate is added to the cells has been observed [36].
Polyphosphate-deficient mutants of Synechococcus have been isolated by ethyl
methanesulfonate (EMS) or N -methyl nitrosoguanidine (NTG) mutagenesis
and penicillin-enrichment methods [37]. Electron microscopy confirms the
absence of polyphosphate bodies in these mutants, which makes them barely
grow in absence of phosphate, and they have altered polyphosphate kinase
levels.
Transmission electron microscopy (TEM) is usually used to observe the ap-
pearance of polyphosphate bodies, which varies considerably among different
fixation and poststaining procedures. The identity of phosphorus-containing
strorage seen by TEM can also be confirmed by X-ray microanalysis. In
situ X-ray dispersive analysis demonstrated that the heavy metals Cd, Co,
Cu, Hg, Ni, Pb and Zn are all taken up and sequestered in the cell with
polyphosphate bodies [38]. In Cd-exposed cells the K and Mg signal is lost
from the polyphosphate body cell sectors, which indicates the heavy metal
toxicity by competing with biofunctional cations.
1.2 Biological functions of inorganic polyphosphate
Inorganic polyphosphate (PolyP) has a general formula Mn+2PnO3n+1, which
comprises a linear polymer of phosphate residues of lengths from tens to
many hundreds linked by high-energy phosphoanhydride bonds. It is stable in
various environment, and can be used as a source of energy, a phosphorylating
agent for alcohols, including sugars, nucleosides, and proteins. It also plays
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an role in activating the precursors of fatty acids, phospholipids, polypeptides,
and nucleic acids [39]. PolyPs are widely spread in various organisms including
bacteria, fungi, protozoa, plants and animals [40]. In living cells, PolyPs can
form complexes with different cations including biologically important Ca2+
and Mg2+ [41, 42]. Additionally, complexes of PolyPs with nucleic acids and
proteins were found [39]. The complexing ability of PolyP is mainly because it
is a negatively charged biopolymer, and the ability to complex with different
components of living cells allows PolyP to perform many specific functions as
described below.
1.2.1 ATP substitute and energy source
Polyphosphate kinase can convert PolyP to ATP by catalyzing ADP attack
on the termini of PolyP chain [43]. The ADP source may come from an AMP
attack on PolyP by AMP-phosphotransferase:
poly Pn + AMP → polyPn−1 + ADP (1.1)
poly Pn−1 + ADP → polyPn−2 + ATP (1.2)
ADP ↔ ATP + AMP (1.3)
According to the equations, the polyphosphate: AMP phosphotransferase
adenylate kinase system is responsible for the direct formation of ATP from
PolyP, while a bidirectional Pi transport system is invovled in the uptake
and eﬄux of PolyP [44]. Such a mechanism may function in the utilization
of PolyP. The eﬄux of a protonated metal chelate of Pi released from Poly
P creates a protonmotive force that can be coupled to the accumulation of
amino acids from the medium or the synthesis of ATP [45].
1.2.2 Phosphate reserve
A stable level of phosphate is essential to cell viability, metabolism and growth,
which can be provided by PolyP through converting to Pi by associated ex-
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opolyphosphatases. Since the accumulation of polymeric phosphate molecules
is unlikely to affect the osmotic pressure in cells while it can help maintain a
constant level of free Pi and ATP level, many organisms choose to use PolyP
as phosphate storage [36]. This function of PolyPs is proved by the strong
dependence of PolyP content in cells of microorganisms on the phosphate in
the medium [40].
PolyPs are also regulators of the intracellular level of Pi in microorganisms.
In cases of rapid Pi uptake from outside the cells or excessive Pi accumulation
as result of degradation process, microorganisms will accumulate PolyPs
to maintain a constant level of Pi. Regulating Pi is important because Pi
concentration is a strong controlling factor of various biochemical processes,
and significant amounts of Pi in cells would result a considerable change of
osmotic pressure and pH, which is possibly toxic for cells. In fact, the Pi
reservoir property of PolyP has a detoxification function under certain culture
conditions [46].
1.2.3 Metal cation chelator and sequestration
Complexes of PolyP with common cations have been found in many organisms.
One more important function of the PolyP is involvement in the detoxication
of heavy metal cations. For example, PolyP sequesters Ni2+ in Staphylococcus
aureus [47], and PolyP reserves also help the Cd2+ tolerance in Synechococcus
sp. [48] as well as in E.coli [49].
The PolyP metabolic pathways in E.coli are thoroughly studied. A
polyphosphate kinase (ppk) and polyphosphatase (ppx ) mutant strain pro-
duced no polyphosphate, whereas the same strain carrying multiple copies of
ppk on a high-copy plasmid produced significant quantities. The doubling
times of the mutant strains increased with increasing cadmium concentration,
while the strains overexpressing ppk and ppx showed no significant increase
in doubling time [50]. Therefore, not only the large amount of intracellular
PolyP but also the ability to synthesize and degrade PolyP is important for
tolerance to heavy metals. Chelation of other metals (e.g., Ca2+, Mg2+, Zn2+,
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Fe2+, and Cu2+) may either reduce their toxicity or affect their functions [43].
1.2.4 Cell membrane transport and channel for DNA entry
PolyP is a participant in transmembrane ion transport processes, both in
procaryotes and eukaryotes [39]. Polyhydroxybutyrate (PHB) complexed with
Ca2+ and PolyP in the membranes of cells are found to help DNA molecule
penetrate the lipid bilayer membranes surrounding the cell [51]. In a proposed
structure, Ca2+ is bonded by ion dipoles to the carbonyl ester groups of
PHB and by ionic interactions with PolyP [43]. Additionally, PolyPs and
PHBS have been found to be components of ion-conducting proteins, for ex-
ample the human erythrocyte Ca2+-ATPase pump [52], and the Streptomyces
lividans potassium channel [53], while their contributions are still unclear.
However their presences raises the hypothesis that PolyPs and PHBs may
co-operate with these supromolecular structures to regulate transport systems.
1.2.5 Cell-envelope function
PolyP is a component of the cell capsule [54] which is loosely attach to the
surface and represents about half of the cellular PolyP in Neisseria. The
effect on the cell-envelop functions of muataions in the ppk1 gene were studied
[55]. The swimming ability of the tested mutants were decreased compared
to the wild strains, which could be restored by transforming PPK-expressing
plasmids. The role of PolyP in the cell envelope of prokaryotes may be
connected with their anionic properties, important for providing the negative
charge of this compartment. In addition, PolyPs may affect the cell-envelope
functions by gene activity regulation [40].
1.2.6 Regulation of stress and survival
Regulatory roles for PolyP with some resemblance to RNA and DNA may
come from the ready interaction with basic proteins (e.g., histones) and their
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basic domains, as well as nonhistone nuclear proteins [56]. The genes encoding
the enzymes of PolyP metabolism were proposed to form a phosphate regulon
together with a number of ther genes, the products of which are involved
in phosphate metabolism and transport [40]. Such roles could affect gene
functions in positive or negative ways. In bacteria there is a tight interrelation
between PolyP and a signal compound, guanosine pentaphosphate (pppGpp)
hydrolase [57]. PolyP accumulation requires the functional PhoB, the princi-
pal phosphate regulator gene and higher levels of (p)ppGpp. The latter serves
as an alarmone in prokaryotes, which distributes and coordinates different
cellular processes according to the nutritional potential of the growth medium.
There other examples of the influence of PolyPs on the expression of some
genes. By overproduction of exopolyphosphatase gene, the level of cellular
PolyP in E.coli is significant reduced, which leads to the sensitivity to UV or
mitomycin C than control cells [58]. In addition, a strain containing multiple
copies of ppk accumulated a large amount of PolyP. It is probable that PolyP
is necessary to regulate the expression of SOS genes [59].
1.3 Polyphosphate kinase and ppk gene
Several genes play important roles in the function of inorganic polyphos-
phate (PolyP). For example, cyanobacteria have a PolyP kinase (ATP-polyP
phosphotransferase, PPK, EC 2.7.4.1) responsible for PolyP biosynthesis [60]
and two phosphohydrolases that degrade Pi polymers, including inorganic
pyropohsphatase (PPA, EC 3.6.1.1), an essential enzyme that hydrolyzes
pyrophosphate (diphosphate, PPi), and exopolyophosphatase (PPX, EC
3.6.1.11)-a processive enzyme that releases the terminal Pi from long-chain
linear PolyP [61]. Under Pi starvation, ppx and ppa gene showed a marked
increase in transcript levels, with their specific activities and protein levels.
On the other hand, ppx knockout mutant of S. elongatus PCC6803 showed
low growth rates than wild-type, while ppa and ppk knockout could not be
achieved, which indicated their essentiality to cell viability [62].
Polyphosphate kinase gene (ppk gene) is widely found in many bacteria
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[63], fungi [64], yeast [65], toxoplasma [66] and algae [67, 68], while they still
remain elusive in mammalian and plant cells [69]. It catalyzes the readily
reversible conversion of the terminal phosphate of ATP to PolyP, and the only
pathway for synthesis of polyP that has been established is the polymerization
of the terminal phosphate of ATP through the action of PPK [43]. They are
key enzymes because they are capable of shifting both energy and phosphate
in both directions, storage or consumption, of phosphate energy control [70].
The PPK1 from E.coli is the best-characterized synthetase. It performs a
reversible reaction from ATP to phosphate, and thus the polymer formation
requires the coupling of ADP to another reaction [71]. The PPK1 is a soluble
homotetramer of subunit molecular weight 80kDa, which is membrane associ-
ated. Recently, a second polyphosphate kinase (PPK2) has been identified in
many organisms, including Synechococcus sp. This enzyme can use GTP or
ATP to synthesize polypohsphate and prefers Mn2+ instead of Mg2+ required
for PPK1 [72]. The fact these organisms keep multiple PPKs suggests that
they attach importance to maintaining PolyP levels and its use in variety of
functions.
Ppk gene can be used as a genetic marker for fine-scale population structure
identification, especially in enhanced biological phosphorus removal (EBPR)
system [73]. Their highly-conserved functional regions provide good targets
for comparative sequence analysis, which identifiy the organisms affiliated
with phosphorus consuming cluster from those that do not perform EBPR.
Using ppk gene fragment as genetic marker provides a better cluster architec-
ture than analyses based on 16S ribosomal RNA [74].
Since polyphosphate is known to help the heavy metal tolerance, the
polyphosphate metabolic pathways in E.coli genetically manipulated by ppk
gene knockout or overexpression to test their effect on tolerance to cad-
mium [49]. The mutant strains produced no polyphosphate while strains
with multiple copies of ppk produced significant quantities, which led to
a better growth rate under the same cadmium concentration. Genetically
engineered plants by overexpressing ppk gene from E.coli also showed an
increased tolerance and accumulation of heavy metal including Cd and Hg
[75, 76]. This PolyP-mediated accumulation may serve as a useful and e-
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cologically compatible strategy for phytoremediation of heavy metal pollution.
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CHAPTER 2
MATERIAL AND METHODS
2.1 Cyanobacteria growth condition
The model organism Synechococcus elongatus PCC 7942 was grown in BG-11
media (Sigma-Aldrich) (pH 7.0). Liquid cultures were grown in temperatured
controlled (30 ◦C) incubator with constant shaking at 120 rpm and continuous
light intensity at 3000 lux. The growth status of the cultures was mearsured
by the optical density OD730 using a TECAN M200 spectrophotometer. When
the cultures reached OD730 of 1.0, they were propagated by subculturing 10
ml to 100 ml fresh BG-11 media.
To preserve strains, freezer stocks were made using a DMSO protocol.
When cultures reached OD730 of 1.0, 100 ml of cultures were pellted down
at 4000 rpm for 10 minutes. Pelletes were washed with fresh media then
resuspended in 4 ml fresh BG-11 media. The suspension was aliquoted into 4
vials with 80 µl filtered DMSO. The freezer stocks were mixed by inverting
and immediately stored at -80 ◦C.
Cyanobacteria cells were also growed on solid media for strain maintance
and transformant selection. BG-11 liquid media was solidified with 1% Bacto
agar, sterilized by autoclaving at 121 ◦C for 15 min, and supplemented with
appropriate antibiotics (spectinomycin to a final concentration of 100 µg/ml).
The light and temperature condition was the same as liquid culture. It usual-
ly took 10 to 15 days to form dicernble green colonies, so plates were kept
face-up to recieve enough light, and wraped with Parafilm to minimize media
evaporation.
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2.2 Cadmium tolerance test
To obtain a cadmium-tolerant cyanobacteria strain, the wild-type strain were
exposed to different concentration of cadmium chloride (0.16ppm, 0.32ppm,
0.625ppm, 1.25ppm Cd2+, and 5ppm Cd2+ as positive control) for 96 hours per
generation. After the exposure, cell pellets were collected by centrifugation
and washed with fresh BG-11 media, then re-suspended in fresh media until
the culture reached OD730 of 0.1. After 6 to 8 generations, several strains
were obtained showing an increased tolerance to cadmium.
2.3 Metal toxicity fluorescence matrix.
1ppm Cadmium, 5ppm Magnganese, 5ppm Zinc, and 5 ppm Lead ions were
provided in the form chloride salt. All treatments were started at a culture
status of approximately OD730 of 0.1 and last for 120 hours. The fluorescence
intensity was scanned from 350nm to 600nm for excitation and 400nm to
700nm for emission.
2.4 Transmission electron microscopy
Transmission electron microscopy (TEM) was used to identify the morphology
of polyphosphate bodies in S.elongatus PCC7942. Cell samples preperation
and TEM scanning was carried out in part in the Frederick Seitz Material
Research Laboratory (MRL) Central Facilities, University of Illinois, with the
help of Mrs. Lou Ann Miller. Wild-type and resistant strains were exposed
to 1ppm Cd2+ for 24 hours, then 10 ml of cells were spinned down and
resuspended in fixative. Then the biological samples were processed through
microwave-based fixiation, embedding and polymerization in MRL according
to the procedure described by Miller [77]. Images of cells were taken using
TEM films and then scanned.
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2.5 DNA manipulations
Chromosomal DNA was isolated from cyanobacteria PCC 7942 using Gen-
eration Capture Column Kit (QIAGEN). Polyphosphate kinase gene (ppk
gene) sequences were obtained from NCBI GenBank database (ca. 2.2kb,
Accession No. NC007604). Primer pairs (PPK1F and PPK1R) were de-
signed to amplify the complete open reading frame (ORF), as well as adding
restriction enzyme sites EcoRI and NdeI to both sides of the PCR prod-
ucts. PCR amplifications were carried out in 50 µl reaction mixture using
Phusion® Master Mix, and the program used for amplification was: 4 min at
98◦C; (30s at 98◦C, 1min at 66◦C, 1min at 72◦C) for 30 cycles; 10 min at 72◦C.
In order to transform the ppk gene into E.coli and cyanobacterium Syne-
chocystis PCC 7942, a neutral site vector pSyn 1 (GeneArt® Synechococcus
Engineering Kits, Invitrogen) was used in this study. The plasmid was propa-
gated and maintained in E.coli strain DH5α (kindly provided by Dr. Sandra
McMasters from SCS cell media facility, UIUC) with 100µg/ml spectinomycin
as antibiotic marker. Restriction enzymes EcoRI and NdeI in NEB EcoRI
buffer were used in a double digestion of both the insert and vector.
2.6 Gibson assembly
In order to construct the pSyn 1 vector with ppk gene, the Gibson Assembly
method is used according to Gibson [78]. Gibson Assembly can effeciently
join overlapping DNA fragments in one single step, with the proper design of
primers that producing overlapping fragments. In this study, 60 bp length
primers were designed for vector (PSYN1F and PSYN1R) and insert (PPK2F
and PPK2R), of which 20 bp was the actual primer and another 40 bp was
the overlap.
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Table 2.1: Primers used in this study
Name Sequence
PPK1F 5’-GTTTCTTCGAATTCAGTGAGGCTGAACTGACCTG
PPK1R 5’-GTTTCTTCCATATGGGATCCATGGCCCTGATGAG
PPK2F 5’-AATTCCCGGATCCGCGGTACCATATGCATCGAGTG
CCTGGAGTGAGGCTGAACTGACCTG
PPK2R 5’-CGAAGCTTCACACCACCTCAAATTGGGAATTTGTC
CAAGAGGATCCATGGCCCTGATGAG
pSyn1F 5’-CCACCCGCTAGCGCCCGCTACTCATCAGGGCCATG
GATCCAATTCCCGGATCCGCGGTAC
pSyn1R 5’-AACTCCGGCTGTTTAGAACACAGGTCAGTTCAGCC
TCACTCGAAGCTTCACACCACCTCA
2.6.1 DNA fragment preparation
Ppk gene fragment with pSyn 1 plasmid overhang was prepared as following:
the DNA fragment was PCR amplified from chromosomal DNA using primer
pair PPK1 and purified using QIAquick PCR Purification Kit (QIAGEN).
The product was used as template in a second PCR amplification, in which
the primer pair was PPK2 to add the vector overhang.
pSyn 1 plasmid fragment with ppk overhang was prepared as following:
circular plasmid was obtained through miniprep using QIAprep Spin Miniprep
Kit (QIAGEN) and digested with EcoRI in multiple cloing site (MCS) to
generate linear plasmid piece. The product was used as template in the PCR
amplification, in which the primer pair was PSYN1 to add the insert overhang.
2.6.2 Plasmid construction
The purified PCR products of vector and insert were directly used in Gibson
Assembly. 50 ng vector and 440 ng insert were mixed with Gibson Assembly
master mix (Gibson AssemblyTM Cloning Kit from NEB) and incubated for
15 min at 50 ◦C. 2 µl of the assembly reaction was used to transfrom DH5α
E.coli electrocompetent cells.
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2.6.3 Construct verification
Transformants were selected on LB argar plates containing spectinomycin.
All the colonies on the plate were picked and growed overnight and used
in a miniprep. The miniprep product was verified and purified on agarose
gel by QIAquick Gel Extraction Kit (QIAGEN). The purified plasmid were
transformed into E.coli again to propagate and maintain the construct.
2.7 Cyanobacteria transformation
Cyanobacteria S.elongatus PCC 7942 were grown to OD730 of 0.7 before
transformation.1.5 ml cells were harvested by centrifuging 10 min at 6000g,
washed with 10 mM NaCl, and resuspended to 150 µl. 100 ng DNA was
mixed with the cell suspension, grow in dark at 30◦C overnight. The cells
were plated on BG-11 agar plates containing spectinomycin and wraped with
Parafilm. Green colonies (transformants) showed up after 10 to 14 days
incubation at 30◦C with constant light.
2.8 Direct polyphosphate quantification using DAPI
fluorescence
To quantify the polypohsphate level in differnet cyanobacteria strains, a
direct polyphosphate quantification using DAPI fluorescence method was
used according to Kulacova et al. [79]. 1 ml culture was harvested at 12000
rpm for 10 min at 4 ◦C. After washing in 50 mM HEPES buffer (pH7.5), the
cells were subjected to a freeze-thaw pretreatment. The cells were frozen in
-20 ◦C overnight, then thawed in room tempreture for an hour. 100 µl DAPI
buffer (150 mM KCl, 20 mM HEPES-KOH pH7.0, and 10 µM DAPI solution)
was used to resuspend the pellet, and 50 µl of the suspension was diluted
to 300 µl to measure the fluorescence intensity in TECAN spectrometer.
The excitation and emission wavelengths were set at 415 nm and 550 nm,
respectively. Fluorescence values were normalized against the background
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fluorescence by measuring the cells suspended in HEPES buffer only.
2.9 Nickel concentration test
Neutral site vector pSyn 1 has a nickel promoter from S. elongatus PCC 6803.
To find an optimize nickel concentration to incude the target gene expression,
0.1, 0.5, 1, 2, 5 µM Ni2+ (in form of nickel sulfate) were added to cell culture.
The cells were then exposed to 1 ppm cadmium. 3 ml culture was grown in
12-well plates with different treatments and growth condition was the same
as previous. Cell viability was determined by optical density growth curve
and polyphosphate production was measured by DAPI quantification.
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CHAPTER 3
RESULT AND DISCUSSION
3.1 Cadmium resistant strain
According to pilot experiments, 5 ppm of Cd2+ could easily kill cyanobacteria
cells, so a series of diluted cadmium solutions were made to test the threshold
of cadmium toxicity, including 1:8, 1:16, and 1:32 which corresponding to
0.625ppm, 0.313ppm, and 0.156ppm, respectively. The culturing time for
every generation was approximately 96 hours. Se7942 was grown to the
mid-exponential growth phase, around 1.0 of OD730, then exposed to different
concentrations of cadmium solution.
In first round, 1:16 and 1:32 dilutions were used as experimental treatments,
1:8 dilution and 5 ppm cadmium solution were used as positive control. 5 ppm
of cadmium and its 1:8 dilution easily killed the cells and no cultures were
revived when they were resuspended in fresh media (Figure 3.1A). For 1:16
dilution, 2 out of 3 cultures died and did not revive in the fresh media. For
1:32 dilution, the culture showed a decreased growth rate, which confirmed
that the lethal threshold of cadmium to Se7942 was between 0.156 and 0.313
ppm. After 96 hours of treatment, all the cultures were diluted in fresh media.
None of the 5 ppm and 1:8 dilution cadmium treated cultures revived in fresh
media, while all three 0.156 ppm treated and one of the 0.313 ppm Cd treated
cultures revived (Figure 3.1A&B).
In second round, cultures were grown to an OD730 of 0.1, then treated with
same series of cadmium concentration. The remaining 0.313 ppm Cd treated
culture died after exposed to cadmium solution. In 0.156 ppm cadmium
treatment, one of the cultures showed a decreased growth rate, while the
other two showed little difference from negative control. After the treatment,
18
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Figure 3.1: A: Toxicity of high concentration of Cd2+ to cyanobacteria; B:
Cyanobacteria growth in low Cd2+ concentration (Round 1); C:
Cyanobacteria growth in low Cd2+ concentration (Round 2); D:
Cyanobacteria growth in low Cd2+ concentration (Round 4); arrows
indicated cadmium exposure point.
the cultures were diluted and revived again (Figure 3.1C).
At the beginning of the third round, one of the 0.156 ppm cadmium treated
culture did not revive in fresh media, so the remaining subjects were two
0.156 ppm Cd treated cultures. The growth rate started to diverge in this
generation, one of the 0.156 cadmium treated cultures even growed better
than the negative control (Figure 3.1D).
In fourth round, only one of the 0.156 ppm cadmium treated culture left,
so this culture was divided, then exposed to 0.313 and 0.156 ppm of cadmi-
um. There was little difference in growth rate between the cadmium treated
cultures and the negative control (Figure 3.2). This was further confirmed by
the fifth generation (Figure 3.3A&B). This strain was named H16 strain.
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Figure 3.2: Cyanobacteria growth in different cadmium concentrations
(round 4&5); arrows indicated cadmium exposure point.
To verify the cadmium tolerance of the H16 strain, it was compared with
the wild-type Se7942 strain exposed to 0.5, 1, and 5 ppm of cadmium solution.
The result showed that H16 strain could grow normally in 0.5 ppm cadmium
concentration, but could not survive in 1 ppm cadmium (Figure 3.3C&D). So
the lethal threshold of cadmium in H16 was between 0.5 and 1 ppm, which is
2 - 3 fold higher than wild-type strain.
3.2 Transmission electron microscopy of cadmium
tolerant cells
After obtaining the cadmium tolerant cyanobacteria strain, we tried to look
into the mechanism of detoxification. In order to identify the morphological
20
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Figure 3.3: A: Cyanobacteria growth (round 5) in high concentration
cadmium; B: Cyanobacteria growth (round 5) in low concentration cadmium;
C: Wild-type cyanobacteria growth in different cadmium concentration; D:
Resistatn strain growth in different cadmium concentration.
changes between wild type strains and cadmium-resistant strains, transmis-
sion electron micropy (TEM) was used to visualize the cyanobacteria cell
inclusions. After 24 h exposure to 0.625 ppm cadmium, cells were resuspended
in fixiative and proceeded to pre-treatment. The conventional pre-treatment
of biological TEM samples was fixing and solidifying the samples then slicing
them into extremely thin pieces to be viewed under microscopy. Since some
cell inclusions such as polyphosphate granules had dense, solid structure,
which might easily be chopped off during the slicing, this preperation method
always caused hollows in the cell images. An alternative preperation approach
was to directly place the samples on the grid after the fixation to dry them,
which might preserve the natural ultrastructure. However, this method re-
sulted in a significant loss of resolution, so we had to dismiss it (picture not
shown). This was possibily because of the stack of all the cell membrane,
proteins, and inclusions, which affected the focus of microscopy.
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Figure 3.4: A: Non-treated WT cells; B: Non-treated H16 cells; C: WT cells
treated with 1 ppm Cd2+; D: H16 cells treated with 1 ppm Cd2+.
In Figure 3.4, polyphosphate bodies could easily be identified as the solid
granules and the hollows that were left during the sample slicing. Cadmium
treatment showed obvious toxicity to the cells, causing the decomposition
of the cell membranes (Figure 3.4C&D). For the resistant strain, the living
cells in cadmium environment showed clear structure of polyphosphate bodies
(Figure 3.4D), while the wild type cells presented a disintegrated structure
affected by the heavy metal ions (Figure 3.4C). Since polyphosphate bodies
played an important role in heavy metal detoxification through a chelation
reaction, the TEM images led us to the possible effects of polyphosphate
bodies in cadmium conditions.
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3.3 Tolerant strain in other heavy metal conditions
In order to identify the possible heavy metal toxicity to cyanobacteria photo-
systhesis, we used a fluorescence matrix measurement to investigate fluorescent
photosynthetic pigments and heavy metal uptake kinetics. The photosynthetic
system of Se7942 includes PS I and II, which consists of various photosynthet-
ic pigments like chlorophyll-α, phycobilin, phycocyanin, and allophyocyanin.
All these pigments have different fluorescence emission peaks [80], so it would
be helpful to gather information from all the pigments through an excitation-
emission spectrum. An excitation bandwidth from 350 nm to 600 nm and
emission bandwidth from 400 nm to 700 nm in 10 nm steps were used for a
2-D fluorescence matrix. Cyanobacteria Se7942, including wild-type strain
and cadmium resistant strains, were exposed to 1 ppm Cd, 5 ppm Mn, 5 ppm
Zn, and 5 ppm Zn. Fluorescence readings were taken every 24 h for a total
experiment time of 120 h.
The unaffected cyanobacteria cells showed a peak at 680 nm emission,
corresponding to chlorophyll-α emission. In the cultures that were exposed to
heavy metals, the 680 nm peak disappeared and a novel peat at around 450
nm showed up. This peak might come from the dead cells, which indicated
the decomposition of the photosynthesis system. It was assumed that the
fluorescence at 680 nm emission indicated the activity of the photosynthesis
system (mainly came from pigment chlorophyll), and the peak at 450 nm
emission indicated the dead cell background. To extract information from
these plots, the ratio of the 680 nm peak and the 450 nm peak was taken,
shown as the relative chlorophyll fluorescence activity. The photosynthetic ac-
tivity in cadmium treated Se7942 gave the consistent result as the OD growth
curve. The photosynthetic acitvity in wild-type strain decreased sharply
over time, while the resistant strains remained most of the photosynthetic
functions. Manganese showed little photosynthetic damage, however in one
of the resistant strain it showed a significant malfunction after 90h growth.
Pb showed some toxicity to the phosynthetic system, as seen by the gently
decreasing fluorescence activity of the chlorophyll, and there was almost no
difference between strains. This result somehow suprised us because Pb
was expected to be the most toxic heavy metal that we used. The possible
explanation was that Pb had a long-term toxic effect to organisms, which
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might not show in experiment of 120 hours. Zinc also had a strong toxicity
to photosynthetic system, and the cadmium-resistant strains also showed a
better tolerance to zinc in protecting the photosynthetic damage. The result
of the fluorescence matrix showed that the cadmium resistance strain we
obtained from continously exposure to cadmium probably did not possess a
universal mechanism for heavy metal ion detoxification.
3.4 Genetic manipulation of cyanobacteria
Since polyphosphate bodies play an important role in cell function and vi-
ability [81], and they might help heavy metal detoxification by a chelation
mechanism. Polyphosphate kinase was one of the key enzymes in the synthe-
sis of polyphosphate, so we tried to overexpress the ppk gene that encoded
this enzyme to produce higher amount of polyphosphate. Cyanobacteria
Se7942 was a good model organism for genetic molecular biology, because
they were naturally transformable that allowed easy uptake of exogenous
DNA, and many genetic tools had been developed for this organism, including
commercially available neutral site vectors.
We tried to construct the pSyn 1 vector(Figure 3.6) with the ppk gene,
which would enable the vector to insert a duplicate of ppk gene into the
chromosome. Basic molecular biology techniques were used at first to chose
EcoRI and BaHI sites as the connectors. Ppk gene was amplified from the
Se7942 genome using primer pair containing these two restriction enzyme sites.
The plasmid was digested with the same enzymes to provide sticky ends for
ligation. The liagation product was transformed into E.coli for transformant
verification. However, no transformants were found on the selective plates,
even though we tried to optimize protocol including the purification of PCR
products, and single or double digestion of vectors.
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Figure 3.6: GeneArt Synechococcus Engineering Kit from Invitrogen: pSyn 1
contains pUC origin, neutral site sequence, spectinomycin resistant gene, and
nickel promoter.
3.4.1 Gibson assembly
After several failures we adopted a new DNA assembly method which allowed
the joining of multiple overlapped DNA fragments in one single step. Master
mix of Gibson assembly kit included high concentration of T5 exonuclease,
Phusion polymerase, and Taq ligase. T5 exonuclease chews back DNA frag-
ments from 5’ at 50◦C, while its activity decreases quickly at this temperature.
Then Phusion polymerase and Taq ligase step in to repair the fragment using
overlap as template, which anneal on the target pieces.
Theoretically more than ten short DNA pieces (several hundred bp) with
40-60 bp overlap can be sequentially linked in one reaction [78]. In our study
we tried to ligate two pieces of DNA fragments, 2.2 kb and 3.8 kb each. Gibson
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assembly required 60 bp long primers, so optimization of PCR protocol was
needed. Purified ppk PCR product was used as template rather thant Se7942
chromosome DNA to increase the specificity of the PCR process. The purified
PCR product was verified as Figure 3.7 lane 2. The plasmid was digested
with EcoRI to generate linear DNA pieces, which was used as templates to
create ppk overhang.
Figure 3.7: Lane 1: Miniprep product of transformed E.coli ; 2: Purified ppk
gene; 3: Purified product of ppk+pSyn 1 construct; 4: Circular pSyn 1
plasmid; 5: ppk+pSyn 1 plasmid digested with AatII.
The purified products of the PCR products were ligated using the Gibson
Assembly reaction, and this product was directly used to transformation. The
product could not be verified by agarose gel because of its low concentration.
The transformation provided a lot of colonies on selective plates. All the
colonies on the plates were mixed into two cultures to obtain miniprep prod-
ucts. The agarose gel examination of this product gave two bands (Figure 3.7
lane 1), and the sizes of them were around 2kb and 3kb, respectively. The
size of ppk and plasmid construct should be around 6kb, and the plasmid
self-ligation should still be 3.8kb. The two bands did not correspond to
those sizes, because the construct and plasmid were circular DNA that run
faster than linear DNA (Figure 3.7 lane 4). The band of bigger size, which
corresponding to ppk+pSyn 1 construct, was cut off from the gel and purified,
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then used to transform E.coli again (Figure 3.7 lane 3). The plasmid were
extracted to transform cyanobacteria. To verify the construct, we chose a
restriction enzyme site AatII that was only possessed by ppk gene but not
pSyn 1 plasmid. The digestion gave a 6kb band, which proved that the
construct actually contained ppk gene (Figure 3.7 lane 5).
3.4.2 Cyanobacteria Se7942 transformation
Since cyanobacteria Se7942 was a naturally transformable organism, the
transformation process was as simple as mixing the plasmid DNA with cell
culture, then selecting the transformants on spectinomycin BG-11 plates.
Negative control was Se7942 culture that was not mixed with DNA, and
positive control was plasmid pSyn 2 provided by Invitrogen that guaranteed to
produce approximately 100 colonies on the plate. Two volums of transformed
cell culture, 50 µl and 100 µl, were plated on selective media and all the
plates were kept under 30◦C and continous light. Colonies started to appear
after about 7 days, and at day 10 they were ready to be picked (Figure 7).
No colonies were found on the negative plate, which showed the effectiveness
of the selective media (Figure 3.8A). More than 100 colonies were found
on the pSyn 2 plate, possibly because the protocol that we used pelleted
down more cells (Figure 3.8B). Not many colonies showed up on the 50 µl
plate (Figure 3.8C), but the 100 µl plate provided enough transformants
(Figure 3.8D).
3.5 Genetically engineered cyanobacteria Se7942
3.5.1 Effect of nickel to Se7942
The neutral site vector pSyn 1 contained a weakly constitutive, Ni2+-inducible
nrsRS promoter from Synechocystis PCC6803 immediately upstream from
the ribosome binding site and the cloning region. In order to obtain a high
expression of the gene of interest, Ni2+ was provided in the form of nickel
sulfate in the growth media. However high concentration of nickel was also
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Figure 3.8: A: Untransformed cyanobacteria; B: pSyn 2 control vector; C:
50µl culture transformed with pSyn 1 plasmid containing ppk gene; D: 100µl
culture transformed with pSyn 1 plasmid containing ppk gene.
toxic to living organisms, so Se7942 was treated with different concentration
of nickel ion and the growth curve indicated by optical density was shown as
figure. The result showed that 5 µM of Ni2+ had a toxic effect on Se7942 cells,
while 0.1, 0.5, and 1 µM of nickel did not affect the culture to a significant
level (Figure 3.10C).
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3.5.2 Polyphosphate level of engineered cyanobacteria
The level of polyphosphate was measured by a direct quantification method
using DAPI stain in ppk gene-overexpressed Se7942 strain. Many recent stud-
ies have been focus on the quantification of polyphophate, while some of them
gave controversial results. Different extraction procedure and pre-treatment
led to fluctuating yield of polyphosphate [82, 79, 83]. DAPI quantification
has the advantage that it can be directly use on biological samples without
prior purification of the intracellular polyP. The fluorescence intensity was
normalized against the background fluorescence of cell culture and a relative
fluorescence intensity was given by the fraction of FI and optical density
(OD730) that indicated the cell growth. Relative FI of engineered Se7942 with
different Ni2+ was shown as Figure 3.9. Under 5 µM Ni2+, engineered Se7942
showed a significantly higher level of polyphosphate, however this was partly
because of the low cell number in the culture. In growth media with 0.1 and
0.5 µM nickel, the polyphosphate level slightly increased. And in 1µM Ni2+
condition, cell produced similar amount of polyphosphate as in 5µM nickel,
while the cell growth was much better.
3.5.3 Cadmium tolerance of engineered cyanobacteria
According to previous experiments, we set 1 ppm cadmium concentration
to evaluate the cadmium tolerance of engineered Se7942. The Ni2+ con-
centration was set in gradient as 0.5, 1, and 2 µM. Culture treated with
cadmium but not nickel, and culture with no treatment at all were used as
controls. Batch experiments were carried out with 24-well plates kept in the
same growth condition as previous experiments. The ppk gene engineered
Se7942 showed a significantly better cadmium tolerance than wild-type strain.
Wild-type cyanobacteria could never survive under 1 ppm cadmium condition,
and adding nickel even increased the toxicity (Figure 3.10B). In ppk gene
overexpressed strain, although cadmium suppressed the cell growth in early
hours, cyanobacteria started to restore viability from 96 hours. PPK strain
without nickel inducer also showed some cadmium tolerance, probably due to
some “leak” expression of ppk gene. Under proper nickel concentration (0.5
µM and 1 µM), the engineered strain showed a significantly higher cadmium
30
Figure 3.9: Relative fluorescence intensity of PPK strain supplemented with
different concentration of nickel.
tolerance. However, 2 µM nickel did not help the cell viability, which indicated
the toxicity of Ni2+ itself (Figure 3.10C).
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Figure 3.10: A: Wild-type strain supplemented with nickel and treated with
cadmium; B: Naturally-evolved tolerant strain supplemented with nickel and
treated with cadmium C: PPK strain supplemented with different
concentration of nickel; D: PPK strain supplemented with nickel and treated
with cadmium.
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CHAPTER 4
CONCLUSION
In this study, cyanobacteria Synechococcus elongatus PCC7942 was chosen
as the model organism for heavy metal toxicity evaluation and confirmation
through genetic engineering. Continous exposure to cadmium concentration
just below the lethal threshold produced cyanobacteria strains that showed
2-3 higher tolerance to cadmium. Heavy metal ions also impacted the photo-
synthetic system which could be revealed by fluorescence matrix scan. The
resistant strain showed some tolerance to Zn, but not to Mn and Pb. The
ultrastructure of wild-type and cadmium resistant cyanobacteria strains was
captured using transimission electron microscopy, and morphological changes
of polyphosphate bodies were observed between strains and treatments. Thus,
a polyphosphate kinase gene (ppk gene) were constructed into a neutral site
vector by Gibson Assembly method, and overexpressed in the cyanobacteria
genome. Since the vector possessed a nickel promoter to induce the gene
expression, different nickel concentrations were tested to optimize the gene
expression. The genetically engineered cyanobacteria Se7942 produced higher
level of inorganic polyphosphate, which was measured by a direct quantifica-
tion of polyphosphate using DAPI stain. The engineered strain also had a
stronger tolerance to cadmium than wild-type and naturally-evolved tolerant
strain. This result suggested that genetically engineered cyanobacteria might
be used to absorb heavy metal ions in natural water systems or waste water
treatment.
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